ABSTRACT
INTRODUCTION
Peptide phage display is a powerful technology useful in identifying peptide motifs involved in protein-protein interactions (3, 21, 22) . It has been used in characterizing epitopes recognized by several monoclonal antibodies (4, 12, 25) , in peptide motifs important in interactions with protein modules such as SH3 domains from several proteins (5, 18, 24) and also with proteins such as streptavidin (8) or integrins (13) . In this technique, a peptide library is expressed at the amino terminus of one of the coat proteins of a bacteriophage and used in affinity-binding studies (22) .
Fusion proteins are frequently used in studying protein-protein interactions. The use of fusion proteins has several advantages, such as ease of purification by affinity chromatography [i.e., glutathione-Sepharose ® for glutathione Stransferase (GST)-fusion protein or Ni-NTA Agarose for His-tagged proteins] and ease of detection using an antibody for the affinity tag (thus abrogating the need for a specific antibody for the new protein being studied). Such fusion proteins have also been used extensively for identification of peptide motifs by peptide phage display (18, 24) . In our studies, we have used GST-fusion protein of the second PDZ domain (PDZ2) of hPTP1E, a cytosolic protein tyrosine phosphatase (also called PTP-Bas, PTPL1 and FAP-1) (1, 14, 19, 20) . PDZ domains are approximately 90 amino acid (aa) modules that are present in a number of signaling proteins such as PSD-95 (6), discs-large tumor supressor Dlg (28) or ZO-1 (27) and have been shown to be involved in protein-protein interactions (for reviews see References 11, 15 and 17) . hPTP1E contains five such domains (1) . Using phage display, we have identified a peptide sequence that interacts efficiently with the GST-PDZ2 fusion protein. The specificity of the interaction with the fusion protein was demonstrated by several methods (commonly used to determine the specificity of an interaction). However no binding could be shown with the PDZ2 domain alone. The results have been carefully analyzed and suggestions provided for avoiding artifacts using fusion protein systems.
MATERIALS AND METHODS

Preparation of Constructs
PDZ domain 1 (PDZ1, aa 1092-1184) and PDZ domain 2 (PDZ2, aa 1361-1461) of hPTP1E were amplified from a cDNA clone and inserted inframe with the GST gene in pGEX-5X-3 (Amersham Pharmacia Biotech, Baie D'Urfe, QC, Canada). All constructs were verified by DNA sequencing. Protein expression and purification was done according to the manufacturer's protocols. For the non-fusion construct of PDZ2, the polymerase chain reaction (PCR) -amplified fragment was cloned into the pT7-7 expression vector (26) , which contains the T7 promoter. The protein expressed in bacteria was purified by ion-exchange and size-exclusion chromatography. Briefly, the expressed proteins were first separated by ion-exchange chromatography using a QSepharose Fast Flow Column (Amersham Pharmacia Biotech) at pH 9.5 followed by size-exclusion chromatography using Toyopearl ® HW-50 Column (TosoHaas, Montgomeryville, PA, USA) in phosphate buffer, pH 7.0. BioTechniques 26:142-149 (January 1999) Protein purity and the sequence were verified electrophoretically by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (using Phast ™ Gel System; Amersham Pharmacia Biotech) and by mass spectrometry (API ® III MS/MS System; Sciex, Thornhill, ONT, Canada). The protein was concentrated using Centricon ® -3 (Millipore Ltd., Napean, ONT, Canada).
Fusion Proteins Could Generate False Positives in Peptide Phage Display
Affinity Panning
PDZ2 expressed as a fusion protein (GST-PDZ2) was immobilized in wells of microplates, and affinity panning was done essentially as outlined by Sparks and co-workers (24) . Two decapeptide libraries, one random (PDL-10R) and the second biased for a tyrosine at the third position in the insert sequence (PDL-10Y), were prepared in fUSE-5 vector (kindly provided by Dr. George Smith, University of Missouri, Columbia) according to the method outlined by Christian et al. (7) . Both these libraries had approximately 6 × 10 8 independent clones. After three rounds of affinity panning, isolated colonies were chosen for DNA sequencing. Phages were precipitated by polyethylene glycol (PEG) and single -stranded DNA prepared by phenol extraction and ethanol precipitation. DNA sequencing was done using [ α -35 S]dATP and a T7 DNA Sequencing Kit (Amersham Pharmacia Biotech). The oligonucleotide primer used was 5 ′ -TGAATTTTCTGTATGAGG-3 ′, which is specific for fUSE-5 vector and corresponds to a sequence 3 ′ to the cloning site.
Phage Enzyme-Linked Immunosorbent Assays (ELISA)
Individual microplate wells were coated with the protein of interest (1 µ g/mL), and the uncoated surfaces were blocked with 1% bovine serum albumin (BSA). Phages [10 7 plaqueforming units (pfu)] amplified after three rounds of panning were added to these wells and allowed to bind to the protein for 2 h. The rest of the ELISA procedure was as per standard protocols using horseradish peroxidase (HRP) as the reporter enzyme.
For peptide displacement studies, the desired concentration of the peptide was included along with the phages at the incubation step.
Protein Overlay
To determine the specificity of the isolated phages to PDZ2, protein overlay experiments were performed. Fusion proteins GST-PDZ2, GST-PDZ1 and GST alone were resolved on a SDS polyacrylamide gel and transferred to a nitrocellulose membrane. The membrane was blocked overnight at 4°C with 5% BSA in Tris-buffered saline (TBS)/ 0.1% Tween ® 20 (TBS-T). The blot was incubated at room temperature with 1 × 10 9 transduction units (TU)/mL of phages (from the phage pool obtained after three rounds of panning) for 2 h. Bound phages were detected using polyclonal anti-M13 antibody followed by goat anti-rabbit IgG antibody-HRP conjugate. The bound antibody-HRP conjugate was visualized using the ECL ™ system from Amersham Pharmacia Biotech (Oakville, ONT, Canada).
Precipitation with Affi-Gel ® ®
To further determine the binding specificity of the peptide sequence identified by phage display, co-precipitation using peptide bound to Affi-Gel ® (Bio-Rad, Mississauga, ONT, Canada) was used. The consensus peptide identified by phage display was coupled to Affi-Gel-15 matrix (Affi-P) as per the manufacturer's instructions (Bio-Rad). GST-PDZ2 was expressed in bacteria, and the bacterial pellet (from 1 mL culture) was solubilized in 250 µL of solubilization buffer: TBS, pH 7.5, containing 1% Nonidet ® P-40 (NP40) and protease inhibitors, phenylmethylsulfonyl fluoride (PMSF) (20 µ g/mL), aprotinin (1 µ g/mL) and leupeptin (1 µ g/mL). Fifty microliters of the lysate were mixed with 40 µ L of a 50% slurry of Affi-P, and the volume made up to 250 µ L with dilution buffer (TBS, pH 7.5, containing 0.1% NP40 and protease inhibitors). The reaction was allowed to proceed for 1 h at room temperature on an end-on-end shaker. The gel beads were separated by a brief centrifugation, washed 5 ×with dilution buffer and suspended in 50 µ L of SDS loading buffer. The samples were analyzed by Western blot analysis. Similar experiments were carried out with GST alone to determine nonspecific binding.
In a parallel study, PDZ2 domain expressed in bacteria as a non-fusion protein using the T7 expression system was used in co-precipitation experiments. The bacteria were pelleted and lysed, and the protein was purified as outlined earlier.
The purified protein (6 µg) was taken in 50 µ L solubilization buffer containing 3% BSA and processed as outlined above for the fusion protein.
To determine nonspecific binding of the recombinant proteins to Affi-Gel beads, binding experiments were also carried out using Affi-Gel in which the active sites were blocked in the absence of the peptide (Affi-B).
Western Blot
Co-precipitation of the proteins was studied by Western blot analysis. The co-precipitated proteins were resolved by SDS-PAGE and blotted on to nitrocellulose membranes by standard protocols. The membranes were blocked overnight with 5% BSA in TBS-T. Polyclonal antibodies raised against GST-PDZ2 (and containing antibodies recognizing both GST and PDZ2 domain) were used. The bound antibody was detected using goat anti-rabbit IgG antibody-HRP conjugate as outlined earlier.
NMR Spectroscopy
For NMR experiments, PDZ2 domain was produced using minimal media, with 15 Nammonium sulfate as a nitrogen source, as described previously (9) . NMR experiments were performed using 2 mM PDZ2 domain in 50 mM sodium phosphate buffer containing 0.15 M NaCl at pH 7.0. For studying interactions with the consensus peptide NH2-PGTEVWLGNG-COOH, protein solutions were mixed with the peptide using molar ratios 1:1 and 1:3, and NMR experiments were performed at 293 K using a Model DRX500 Spectrometer (Bruker Instruments, Milton, ONT, Canada). 1H-15N HSQC (2) spectra were acquired as 140 (real) × 1024 (complex) matrix using 4 scans per increment. Water was suppressed by the WATERGATE sequence (16), with typically 1-ms gradient pulses of 15 gauss/cm and 3-9-19 binomial sequence.
NMR spectra were processed using XWINNMR software (Bruker Instruments) using Silicon Graphics computers. The data sets were linear-predicted to a double size, and a phase-shifted sine bell squared window function was applied before Fourier transformation.
RESULTS
In an effort to identify peptide sequences binding to PDZ2 domain of hPTP1E, a cytosolic protein tyrosine phosphatase, we prepared a GST-fusion protein of this module and purified it using glutathione-Sepharose beads. The purified GST-PDZ2 was immobilized on a microplate and allowed to bind to recombinant phages from two decapeptide phage-display libraries: one random decapeptide (PDL-10R) and the second biased for a tyrosine at the third position in the insert sequence (PDL-10Y). The specifically bound phages were eluted, amplified and used for the next round of screening. Background binding was determined using BSA in place of GST-PDZ2 for the panning experiments. There was an increase in the percentage of phages recovered after each round, suggesting an enrichment of phages specifically bound to GST-PDZ2 as compared with BSA. After three rounds of panning, individual clones were selected for sequence determination.
Several clones were sequenced from both libraries; Figure 1 presents the results. A consensus motif V W L Gwas found in a majority of the clones sequenced from PDL-10Y and PDL-10R libraries. In the rest of the clones, a variation of this motif was observed. The amino acids found at positions +1, +2 and +3 (the numbering in this paper is with reference to the first aa in the consensus sequence) were conservative substitutions (all the substituted aa were hydrophobic). Tryptophan residues were found at position +4 in two of the clones. In all the clones sequenced from both these libraries, glycine was present at position -3, with variable aa at positions -1 and -2. The deduced consensus sequence was G X X V W L G, with Xrepresenting variable aa. Identical results were obtained in three independent pannings done using both libraries.
The specificity of interaction of the isolated phages with GST-PDZ2 was demonstrated by ELISA, phage displacement by the synthetic peptide and protein overlay. All these experiments were carried out using the phage pool The spectra were acquired at 293 K, using 2-mM protein solutions in 50 mM sodium phosphate buffer containing 150 mM NaCl, pH 7.0. obtained after three rounds of panning. For ELISA experiments, GST alone, BSA and GST-PDZ1 (a fusion protein of a related domain, the first PDZ domain of hPTP1E) were used to determine nonspecific binding. Microplates were coated with each of the purified proteins, and binding to the phages was determined as outlined in Materials and Methods. The phages bound very efficiently to GST-PDZ2 (data not shown). The binding to GST, GST-PDZ1 and BSA however was close to background, confirming the specificity of the isolated phages for GST-PDZ2 (data not shown).
To determine if the consensus peptide motif could displace phages bound to GST-PDZ2, a peptide with the following sequence was synthesized:
The aa at positions -1 and -2 with reference to the consensus sequence were chosen as glutamic acid and threonine because they were found most frequently at these positions in the clones sequenced ( Figure 1 ). The displacement was also studied using the carboxy terminal peptide of Fas (NH2-D S E N S N F R N E I Q S L V-COOH), a membrane receptor protein shown to interact with PDZ2 of hPTP1E (20) . The displacement of phages from the complex was studied by ELISA using the phage pool amplified from round three of panning. Figure 2 shows the results. The consensus peptide displaced the phages at the two higher peptide concentrations used (1 ×10 -4 and 1 × 10 -3 M) (Figure 2) . The Fas peptide however could not displace the phages even at the highest concentration used (1 ×10 -3 M) . Similar results were obtained in three separate ELISA experiments. These data suggest that the consensus peptide isolated by phage display interacts with GST-PDZ2 at a position different from Fas and is specific for this protein.
The specificity of the isolated phages towards GST-PDZ2 was also determined by protein-overlay experiments. Also for this study, GST alone and GST-PDZ1 were used to determine background binding. Figure 3 shows the results. A clear signal was obtained only with GST-PDZ2 (lane 1). No signal was obtained with GST alone and with GST-PDZ-1 (lanes 2 and 3) . This further confirms the specificity of the phages for GST-PDZ2.
To understand the nature of interaction between the consensus peptide derived from phage display and PDZ2, NMR experiments were carried out. In these experiments, the PDZ2 domain was expressed as a non-fusion protein using the T7 expression vector as outlined earlier. 1H-15N HSQC experiments were performed for both 15N-enriched PDZ2 alone and for its mixture with the consensus peptide NH2-PGTEVWLGNG-COOH. Figure   Figure 5 . (A) Co-precipitation of GST-PDZ2 with Affi-P. The ability of the consensus peptide immobilized on Affi-Gel-15 (Affi-P) to co-precipitate GST-PDZ2 and GST alone was studied as outlined in Materials and Methods. As a positive control for the Western blot, the GST-PDZ2 fusion protein was also 
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4 shows the results obtained using threefold ratio of peptide over protein.
The spectra have good dispersion of amide signals, confirming that the PDZ2 domain is folded when expressed as a free polypeptide. More detailed structural analysis (unpublished) has shown conformational similarity to other PDZ domains. Amide signal assignment for PDZ2 is described elsewhere (10) . Spectra for the free PDZ2 domain ( Figure 4A ) and the mixture PDZ2/peptide ( Figure 4B ) were practically identical, with differences in chemical shifts below 0.02 ppm in the proton and below 0.2 ppm in the nitrogen dimension. As shown earlier (10), interactions with C-terminal peptides from PDZ2-binding partners such as Fas resulted in extensive changes in chemical shifts; up to 0.6 ppm for protons and 2.6 ppm for nitrogens of the protein amides (10) . Since tryptophan is present as a part of the most conserved fragment of the consensus peptide, one would expect a particularly strong effect of binding on the PDZ2 domain chemical shifts, contrary to what is observed. Also, no line broadening of the peptide signals was observed in the PDZ2/peptide mixture, which points to no binding. Thus, NMR results suggested that there was no interaction between PDZ2 and the consensus peptide. To further confirm this observation, the ability of the consensus peptide to co-precipitate PDZ2 alone was studied. Parallel experiments were carried out with the GST-PDZ2 fusion protein also. The consensus peptide was coupled to Affi-Gel-15 (Affi-P) and used for co-precipitation experiments. Affi-Gel blocked in the absence of any peptide (Affi-B) was used to determine background binding to the gel matrix. Figure 5A shows the results obtained with GST-PDZ2. The fusion protein could be co-precipitated by Affi-P (lane 1) but not by Affi-B (lane 3). Affi-P also did not bind GST alone (lane 2), suggesting that the peptide interacted only with GST-PDZ2.
In the second set of experiments, PDZ2 domain expressed as a non-fusion protein was used in co-precipitation experiments. Figure 5B shows the results. PDZ2 domain alone did not bind either to Affi-P (lane 1) or to Affi-B (lane 2). These data suggest that the phages isolated using the GST-PDZ2 fusion protein are specific for the fusion protein and do not bind to either of the two individual components, GST or PDZ2, when expressed alone.
DISCUSSION
Studying protein-protein interactions of new proteins is an important aspect in understanding their function. One of the most common methods of characterizing such interactions is to express them as fusion proteins and use them in identifying their binding partners and in defining the nature of such interactions. In our effort to understand the function of hPTP1E, a cytosolic PTPase, we have been studying PDZ domains that are known to be involved in protein-protein interactions (11, 15, 17) . In this study, we report the use of phage display to identify peptide motifs that bind to the second PDZ domain of hPTP1E. A consensus sequence, G X X V W L G, was identified in most of the phages isolated using GST-PDZ2 as the bait protein. The specificity of the interaction was demonstrated by ELISA, protein overlay and by peptide displacement studies. In each of these methods, the isolated phages bound efficiently to GST-PDZ2 and negligibly to GST alone, to GST-PDZ1 (a fusion protein of a related PDZ domain) and to BSA, which were used as negative controls.
Using the yeast two-hybrid system, Sato and co-workers have demonstrated that a membrane protein, Fas, binds to PDZ2 of hPTP1E through its carboxy terminus (20) . A majority of the interactions with PDZ domains involve the carboxy teminal sequence of the binding protein. A peptide motif E(S/T) DV-COOH is important in such interactions (23) . However in other interactions, such as that between two PDZ domains, the nature of binding involved is not yet clearly understood. In the recombinant phage libraries used in this study, the peptides are expressed at the amino terminus of the coat protein PIII and the carboxy terminus, which is common in all the phages, is not available on the outside. This lead us to conclude that the motif identified here could represent a second class of interactors, since all the criteria normally required to demonstrate the specificity of an interaction were met. However a search of the databases to identify potential interacting proteins using the conserved V W L Gmotif did not yield any meaningful hits.
In an effort to further characterize this interaction, NMR studies were initiated. For small proteins and protein domains, NMR spectroscopy provides a useful tool to verify peptide binding. Since this technique can be applied to proteins in solution, artifacts related to the presence of the carrier protein or to immobilization (potential contribution of the matrix to binding) can be eliminated. Additionally, NMR allows the identification of the site of interaction on the protein surface, provided the amide signals are already assigned. For these studies, the PDZ2 was expressed as a non-fusion protein, and its interaction with the consensus peptide was studied. By NMR, no interaction was observed between free PDZ2 and the consensus peptide. This lead us to reevaluate our conclusions. We decided to study the interaction directly with PDZ2 domain by co-precipitation experiments. The consensus peptide precipitated GST-PDZ2 protein but did not precipitate PDZ2 when expressed as a non-fusion protein. This indicated that the interaction observed between GST-PDZ2 and the peptide identified by phage display was specific for the fusion protein only. The peptide did not interact with either GST alone or with PDZ2 alone. ELISA and protein overlay studies also indicated that there was no interaction between the enriched phages and GST-PDZ1 (an unrelated PDZ domain), indicating that the interaction is probably not at the junction between the GST and PDZ2 domains, since the junctions of the two fusion proteins are very similar. Further studies are needed to explain the structural basis of this complex formation.
Results obtained using fusion proteins in peptide phage display are unambiguous if binding peptide motifs are obtained for well-characterized interactions where either affinity pannings have been done under specific elution conditions [such as elution with biotin for streptavidin-binding phages (8) ], or the presence of the peptide motifs can be verified from known interacting partners [as in the case of SH3 domains (18, 24) ]. However, when the interaction of a protein domain in a yet uncharacterized protein is being studied, the results obtained using such fusion proteins have to be interpreted with a certain degree of caution. In our experiments, even though the commonly used criteria for specificity were met for the interaction of the isolated phages with GST-PDZ2, these phages did not interact with PDZ2 expressed as a non-fusion protein. These data strongly support the aforementioned view. All such interactions with fusion proteins have to be confirmed using a second protein expression system. The best alternative is to use the non-fusion protein for all such studies. Where this is not feasible or practical, a second fusion protein should be used to confirm the interaction of the purified phage, since it is very unlikely that two fusion protein systems would behave in an identical manner. Another approach would be to verify the interactions by other biophysical techniques, such as NMR, using the non-fusion protein and the synthetic peptide derived from phage display.
